Introduction
On ocean basaltic volcanoes, magma transfer from the source to the surface is generally assumed to occur along sub-vertical ascent paths through the mantle lithosphere, the oceanic crust and the volcanic edifice, eventually followed by lateral propagation at shallower levels along preferential intrusion paths named rift zones (e.g. MacDonald 1972) . At the surface, volcanic rift zones are outlined by a concentration of scoria cones and eruptive fissures, which results from their overall history of activity. Their wide range of geometry, from radial or circumferential diffuse rift zones (e.g. Galapagos; Chadwick and Howard 1991) to narrow km-long rift zones (e.g. Hawaiian shields ; Walker 1999 ) is known as dependent, among other parameters, on the dynamics of the plumbing system, the gravitational deformation of the volcanic edifice and the influence of the crustal inheritance (Fiske and Jackson 1972; MacDonald 1972; Dieterich 1988; Chadwick and Dieterich 1995; Walker 1999; Walter and Troll 2003; Michon et al. 2007; Chaput et al. 2014a) . For the world's most active volcanoes, such as Kilauea and Etna, the rift zones are well identified and provide the opportunity of searching/studying the interrelation between rift zone development, flank displacement and plumbing system dynamics (Dieterich 1988; Walter et al. 2005; Montgomery-Brown et al. 2011) . By contrast, the geometry of the rift zones of Piton de la Fournaise (La Réunion hotspot) is still debated and the link between their development and the dynamics of the plumbing system still unclear.
This paper aims first at reviewing the spatial distribution of preferential intrusion paths proposed for Piton de la Fournaise during the last decades using different methodological approaches and, second, at determining the geometry of the plumbing system and its link with the rift zones.
Review of the Intrusion Paths
at Piton de la Fournaise
Magma Paths at the Edifice Scale
Two different approaches have been conducted to determine the rift zone geometry at the edifice scale, taking into account either the concentration of the scoria cones (Villeneuve and Bachèlery 2006) or the distribution and the morphometrical parameters of the cinder cones (Bonali et al. 2011) . Despite the use of the same 25-m-step digital elevation model of the French Institut Géo-graphique National (IGN), each methodology has produced contrasting results. Only three rift zones were identified from the volcanic cone concentration: two arched rift zones connected to the volcano's summit, prolonged in the NE and SE directions toward the ocean, and a N120 rift zone located between the summits of the Piton des Neiges and Piton de la Fournaise volcanoes (Fig. 7.1a; Villeneuve and Bachèlery 2006 ). An additional minor direction of intrusion, corresponding to the Puys Ramond alignment, extends south of the Enclos Fouqué caldera.
Integrating the degradation stage of the scoria cones to the morphometric analysis, Bonali et al. (2011) distinguished active and inactive rift zones. It appears that the intrusion paths identified on the volcano flanks, and most of the N120 rift zone lying between Piton des Neiges and Piton de la Fournaise, were considered as inactive and related to the volcano's ancient history (Fig. 7.1b; Bonali et al. 2011) . All the active rift zones were connected to the summit of Piton de la Fournaise.
(a) (b) Fig. 7 .1 Rift zone distribution determined for Piton de la Fournaise from a the concentration of the scoria cones (Bachèlery 1981; Villeneuve and Bachèlery 2006) and b the distribution and asymmetry of the scoria cones (Bonali et al. 2011) . White and grey zones account for recent and old rift zones, whose distinction is based on the degradation stage of the scoria cones. PRB: Puys Ramond Baril volcanic alignment. PdR Plaine des Remparts. RdR Rivière des Remparts
Magma Paths Centred on the Enclos Fouqué Caldera
Seismological data indicate that above 7.5 km below sea level (b.s.l.), the plumbing system is almost exclusively restricted to the Enclos Fouqué caldera (Nercessian et al. 1996; Aki and Ferrazzini 2000; Battaglia et al. 2005; Prôno et al. 2009 ). The magmatic activity related to this part of the volcanic system progressively led to the building, on the floor of the Enclos Fouqué caldera, of the 400-m-high Central Cone capped by the Bory crater and the Dolomieu caldera ( Fig. 7.2a ). This cone and to a lesser extent the Enclos Fouqué caldera are cut by hundreds of eruptive fissures that formed during the recent history of Piton de la Fournaise. Considering the eruptive fissures orientation, Bachèlery (1981) , Carter et al. (2007) proposed that the main shallow intrusion paths fed by the summit plumbing system are organized in two Michon et al. 2009 ). c Distribution of radial dykes in the walls of the Dolomieu caldera. Numbers refer to the dyke population detected in each of the 18 sectors. The thickness of the white line is proportional to the dyke population. The N25-30 and N120 rift zones previously determined from dyke distribution outside the caldera (Michon et al. 2009 ) are indicated for comparison. d Rift zone distribution determined from the scoria cone morphometry (after Fig. 12 in Bonali et al. 2011) main N10 and N170 rift zones located North and South of the summit craters, respectively, and in a secondary N80 rift zone on the cone's eastern flank (Fig. 7.2a) . A contrasting geometry characterized by two perpendicular N25-30 and N120 rift zones has been suggested from the distribution of the dykes intruded in the Central Cone between 2006 (Fig. 7.2b; Michon et al. 2009 ). This pattern is supported by the dyke distribution in the wall of the Dolomieu caldera ( Fig. 7.2c ; Michon et al. 2013 ). Finally, a much more complex rift zone distribution was recently determined from the scoria cone morphometry ( Fig. 7.2d ; Bonali et al. 2011) . Magmas ascending through the summit plumbing system could propagate along seven radial rift zones. Noteworthily, this rift zone pattern partly corresponds to the aggregate of preferential intrusion paths described in previous works (Bachèlery 1981; Michon et al. 2007) . Given the important differences in the rift zone geometries (N10/N170 arcuate rift zones, N25-30/N120 perpendicular rift zones or seven radial rift zones), it is worth wondering (1) the cause of these differences and (2) the link between the rift zones identified inside the Enclos Fouqué caldera and the NE and SE rift zones propagating outside the Enclos Fouqué.
The question arises whether these rift zones connect to a single or to different magma reservoirs. Lénat and Bachèlery (1990) explained the main characteristics of the summit eruptions, i.e. short-lived, small volume of erupted magma and a short duration between the initiation of dyke injection and the opening of eruptive fissures, as resulting from relatively small magma pockets scattered between the volcano's summit and sea level (2.6 km below volcano's summit) ( Fig. 7. 3). The draining of these shallow magma reservoirs during distal eruptions was thought to trigger summit collapses (pit crater) inside the Dolomieu crater like in 1986 and 2002 (Hirn et al. 1991; Longpré et al. 2007) . Beside this shallow system, two distinct magma-rich zones have been (a) (b) Fig. 7 .3 a Seismic events related to the summit and distal eruptions between 1998 and 2010. Structures labelled 1, 2, 3 and 4 account for small magma pockets related to summit eruptions (Lénat and Bachèlery 1990) , a low velocity zone inferred from Vp and Vs waves (Nercessian et al. 1996) , a low velocity zone deduced from a Vp-wave tomography (Prôno et al. 2009 ) and the magma reservoir inferred from geodetic data (Peltier et al. 2008) , respectively. Red and grey arrows indicate the locus of the pre-eruptive inflation related to summit and distal eruptions. b Interpretative summit plumbing system below the Enclos Fouqué caldera (see text for explanation) evidenced from seismic wave propagation. These low velocity bodies are located between 1-2 km depth bsl below the Bory crater (Prôno et al. 2009) or 0-2 km depth bsl, 1 km east of Dolomieu crater (Nercessian et al. 1996) (Fig. 7.3) . Importantly, the identification of these two zones was made from two different sets of data, at two different periods, with two different networks of seismic stations. It cannot be excluded that each zone is a part of a larger structure or the same low velocity zone located at different places. Assuming a unique structure, this zone situated between sea level and 2 km bsl is supposed to be the locus of a transient magma storage, which feeds the most voluminous distal eruptions like in 1977 , 1986 (Nercessian et al. 1996 Prôno et al. 2009 ). Finally, a quite different picture has been proposed from the inversion of geodetic data (Peltier et al. 2008 ). According to Peltier et al. (2009) , all the eruptions, except for that of 1998, are fed by a single magma reservoir, located above sea level, below the Dolomieu crater and regularly recharged by deeper sources ( Fig. 7. 3). However, this interpretation does not consider nor explain the intense seismicity that occurs in the proposed magma reservoir.
Reappraisal of the Magma Paths
In order to decipher the rift zone geometry and their current activity or inactivity, an integrated analysis of (1) the recent (<30 kiloyears) volcanic cones distribution, (2) the volcano-tectonic events recorded by the Piton de la Fournaise Volcano Observatory between 1996 and 2013, and (3) the available eruption datings (Bachèlery 1981; Tanguy et al. 2011; Morandi et al. 2016 ) has been carried out. The density map calculated from a total of 644 scoria cones first shows a N-S elongated maximum cone concentration restricted to the Enclos Fouqué caldera, the site of most of the recent eruptions ( Fig. 7.4a ). This area is superimposed to a dense seismicity developed below the summit from the surface to about 7.5 km below sea level, tracking the magma propagation paths along the summit plumbing system ( Fig Fontaine et al. (2012) . The occurrence of underplating between 10 and 15 km bsl has been determined by Gallart et al. (1999) . b Distribution of the seismicity at different depths. The solid lines account for the preferential intrusion paths inferred from the scoria cones distribution (Fig. 7.4) underlined by a larger cone concentration ( Fig. 7.4a ), are dynamically linked to the shallower part of the plumbing system feeding the Central Cone.
At the edifice scale, two further areas of cone concentration can be identified, corresponding to the NW-SE rift zone and the South Volcanic Zone, both trending in the N120 direction (Fig. 7.4b ).
The Summit Plumbing System
Magma intrusions are strongly sensitive to the stress distribution (σ 3 and σ 1 , the least and main principal stresses, respectively). In a homogeneous volcanic cone, σ 3 is perpendicular to the slope and σ 1 varies from vertical at depth to a downslope orientation in subsurface (Dieterich 1988; Cayol and Cornet 1998; van Wyk de Vries and Matela 1998) . In such an ideal cone, eruptive fissures and dykes, which correspond to tension cracks are radially distributed (Delaney and Pollard 1981; Pollard 1987) . However, in nature, additional effects such as magma overpressure, rheological layering, volcano instabilities, faulting activity and structural inheritance may lead to a strongly anisotropic stress field, which influence the dyke intrusion along preferential orientations (Chadwick and Dieterich 1995; Tibaldi 1996 Tibaldi , 2003 Walker 1999; Marinoni and Gudmundsson 2000; Walter and Troll 2003) .
At Piton de la Fournaise, the en échelon pattern of the eruptive fissures related to the same eruption was interpreted as resulting from the eastern displacement of the Central Cone's eastern flank (Bachèlery et al. 1983; Lénat et al. 1989a) . However a detailed inspection of the eruptive fissures opened between 1998 and 2005 in the Central Cone and the floor of the surrounding Enclos Fouqué caldera clearly shows that almost all fissures develop parallel or subparallel to the slope (Michon et al. 2007 ). Moreover, geophysical data suggest that the orientation of the en échelon eruptive fissures related to the same eruption can be explained by a single feeding dyke at depth (Battaglia and Bachèlery 2003; Fukushima et al. 2005; Peltier et al. 2005) . Thus, the radial to subradial distribution of the eruptive fissures on the flanks of the Central Cone and on the floor of the Enclos Fouqué suggests that the fissure orientation is controlled by downslope σ 1 rather than by dyke orientation (Michon et al. 2007) . Note that the boundary faults of the summit collapse structures also control the concentric distribution of the eruptive fissures in the summit area (Lénat and Bachèlery 1990) . We therefore consider that the distribution of the eruptions intruding the Central Cone, e.g. the summit and proximal eruptions in the terminology of Peltier et al. (2008) , is best explained by the N25-30 and N120 rift zones. In such a configuration, a few magma intrusions in the cone's eastern flank are controlled by N65 trending faults (Michon et al. 2009) . What is the link between these summit rift zones and the much broader NE and SE rift zones on the volcano flank?
The location of the eruptions, their dynamics and the related deformation pattern for the period spanning between 1972 and 2013 have been taken into account to answer this question. During this time span, Piton de la Fournaise experienced 81 eruptions. The distribution of the eruptive fissures shows that most dykes (58) intruded the Central Cone along the N25-30 and N120 summit rift zones (Table 7 .1). Summit eruptions, corresponding to both summit and proximal eruptions in the terminology of Peltier et al. (2008) , are characterized by no or limited lateral dyke propagation, which usually stops at the base of the Central Cone. Exceptionally, in November 1987, September 1988 and November 2002, dykes propagated 1-2 km from the cone's base. Twenty-two eruptions, named distal eruptions, started directly on the floor of the Enclos Fouqué caldera and occasionally propagated downslope outside the Enclos Fouqué caldera (1977, 1986 and 1998) or along the northern and southern walls of the Grandes Pentes and Grand Brûlé (1976, 2002, 2005 and 2007; Fig. 7.6a) . Interestingly, the eruptive fissures related to distal eruptions in Table 7 .1, are concentrated in three areas located South, East and North of the Central Cone. They define three preferential intrusion paths named outer rift zones, that are spatially disconnected from the summit rift zones; the South-East, East and North-East rift zones that gather 12, 4 and 7 distal eruptions respectively ( Fig. 7.6 ). These rift zones roughly correspond to the NE and SE rift zones and the N80 intrusion path identified by Bachèlery (1981) . The important new observation brought by the present work is that the outer rift zones are solely fed by distal eruptions rather than by all eruption types. According to Peltier et al. (2009 Peltier et al. ( ), between 1998 Peltier et al. ( and 2007 and distal eruptions were fed by two distinct vertical pathways, located below the western and eastern part of the Dolomieu caldera, respectively, and connected to a single magma reservoir lying at about 2300 m depth below the Dolomieu caldera. The inclinometers data recorded during the eruptions of 1983, 1984, 1985, 1986, 1988, 1990 and 1992 also suggest two different inflation sources located below the western part of Dolomieu and below the eastern flank of the Central Cone for the summit and distal eruptions, respectively ( Fig. 7.3 ; Delorme et al. 1989; Lénat et al. 1989a, b; Toutain et al. 1992; Delorme 1994) . We consequently propose that magma intrusions feeding the summit and distal eruptions not only follow different vertical pathways but also propagate laterally along two distinct systems of rift zones, the summit and outer rift zones (Fig. 7.6b ). Considering the geophysical data (Nercessian et al. 1996; Prôno et al. 2009 ), the dynamics of the summit and distal eruptions (Lénat and Bachèlery 1990 ) and the observations made in the incised Piton des Neiges volcano (Famin and Michon 2010; Chaput et al. 2014a) , we tentatively propose the existence of a single main magma storage below sea level (Fig. 7.3b ). This magmatic zone feeds a superficial storage system below the Central Cone that is involved during the summit eruptions. Magma injections from the eastern part of the main magmatic system occasionally occur, forming sill intrusions that act as detachment levels capable to trigger lateral flank displacement (Michon and Famin 2010; Chaput et al. 2014b ) and subsequent dyke intrusions along the outer rift zones. Finally, among the 81 eruptions, the MarchApril 1998 Hudson eruption did not follow the summit or outer rift zones. Its magma chemical composition, similar to that of the eccentric cones of the NW-SE rift zone (Pietruszka et al. 2009; Lénat et al. 2012) , and its location south-west of the Central Cone suggest that the magma intrusion was not controlled by the summit or distal rift zones but instead followed the NW-SE rift zone.
The NW-SE Rift Zone, the South Volcanic Zone and the Deep Plumbing System
The scoria cone density map clearly shows that eruptions occurred along the NW-SE rift zone and the South Volcanic Zone, both trend in the N120 direction (Fig. 7.4b ). The NW-SE rift zone, 15 km in width, is composed of about 160 scoria cones and pit craters scattered between the Enclos Fouqué caldera in the east and the eastern slopes of Piton des Neiges in the west. The volcanic activity started at least 29 kiloyears ago (McDougall 1971) and continued until recently (140 yr BP for Piton Rampe 14), given an Roult et al. (2012) average eruption periodicity of around 200 years (Morandi et al. 2016; Chap. 8) . Interestingly, the NW-SE rift zone is superimposed to a deep seismicity concentrated in a N120 trending zone ranging mostly between 15 and 20 km bsl, i.e. in the mantle lithosphere, just below the oceanic crust ( Fig. 7.5 ). This seismicity is particularly active north of the Plaine des Remparts where the cone density is maximum. It is also worth noting that below 20 km bsl, the seismicity is organized in an orthogonal direction joining Le Tampon, the Plaine des Cafres and the Plaine des Palmistes (Fig. 7.5b) .
A link between the current deep seismicity and the pre-historical scoria cones may exist only if (1) the volcano-tectonic events are associated with magma transfer instead of purely tectonic (a-magmatic) processes and (2) magmas involved in the eruptions along the NW-SE rift zone originate from at least 15 km in depth. Such a relationship is supported by the following geophysical and geochemical data. major eruption, the seismicity progressively migrated down to 7 km bsl. The migration continued after the eruption along the NW-SE rift zone, down to about 30 km below sea level ( Fig. 7.5a ; Massin 2009). A similar downward migration of the seismicity was recorded during the Eyjafjallajökul 2010 eruption, where it was interpreted as resulting from a downwardpropagating decompression of the plumbing system (Tarasewicz et al. 2012) . Second, magma involved in the eruptions along the NW-SE rift zone indicates a high-pressure (>0.4 GPa) fractionation of clinopyroxene ± olivine (Kornprobst et al. 1984; Albarède et al. 1997; Famin et al. 2009; Lénat et al. 2012) , which is consistent with the depth of the earthquakes located below the rift zone (depth >15 km). Third, high-pressure fluid inclusions (P up to 400-500 MPa) are common olivine carried by magmas erupted along the N120 rift zone (Piton des Cailles; Chisny; Bureau et al. 1998) . Combining these geochemical and geophysical data, we tentatively interpret the deep zone of dense seismicity below the Plaine des Cafres and Plaine des Palmistes, in the west, and the NW-SE rift zone toward the east as the deep plumbing system of Piton de la Fournaise. This zone of magma transfer could feed recurrent eruptions and subsequently form a deeply rooted NW-SE rift zone characterized by a low eruption rate.
Contrary to the NW-SE rift zone, the 20-km-long South Volcanic Zone is not associated with recent seismic events. The wide range of degradation stages of the large volcanic cones and the related lava flows, from smooth-recent -to incised-old-morphologies, suggests a recurrent volcanic activity along this intrusion path. Yet, the lack of chronological data combined with the location of the volcanic zone in apparent disconnection with the active volcanic area makes the origin and the dynamics of this volcanic zone enigmatic.
An additional, short vent alignment, the Puys Ramond-Baril volcanic alignment, occurs south of the Enclos Fouqué by the density map (Fig. 7.4b ). This narrow, 10-km-long area is composed of several spatter and cinder conesthat are in average significantly smaller than those of the NW-SE rift zone and the South Volcanic Zone, but similar to those found in the Enlos Fouqué and along the SE and NE rift zones. Radiocarbon datings and the occurrence of dykes and buried cones in the southern wall of the Enclos Fouqué caldera indicate a long-lasting activity, which developed until recently (355 BP; Bachèlery 1981; Tanguy et al. 2011; Morandi et al. 2016, Chap. 8) . Despite its location close to the summit plumbing system, the link between this intrusion part and the summit activity and/or the SE rift zone remains unclear.
Comparison with Other Volcanoes
Our work clearly shows that different types of rift zone developed on Piton de la Fournaise since at least 30 kiloyears. On the one hand, the 120 N trending NW-SE rift zone and the South Volcanic Zone present strong similarities with the rift developed in the post shield phase in Mauritius and Hawaii alkaline postshield rift zones in Hawaii (Clague 1987; Moore et al. 2011) . In all these cases, they correspond to wide, linear rift zones with eruptions with a secular frequency involving magmas fractionating at minimum depths of 15-20 km (Roeder 1965; Clague 1987; Albarède et al. 1997; Lénat et al. 2012) . On the other hand, the arched rift zones geometry of the NE and SE outer rift zones resembles to that of the NE and S rift zones of Mount Etna (Kieffer 1975) . Following the model proposed by Swanson et al. (1976) for Kilauea, Bachèlery (1981) , Duffield et al. (1982) , Lénat et al. (1989b) postulated that the recurrent dyke intrusions along the NE and SE rift zones forcefully push the east flank and subsequently triggered the lateral collapse of the eastern flank of Piton de la Fournaise. However, determining whether or not dyking along the outer rift zones of Piton de la Fournaise actively pushes the east flank or if it passively follows the upper boundaries of a sliding sectors, like at Mount Etna (Acocella et al. 2003; Neri et al. 2005 ) requires at least a thorough inspection of the rift zone and eruption dynamics, which is beyond the scope of this review. Recent work carried out on Piton des Neiges volcano, the inactive twin of Piton de la Fournaise, suggests that rift zone development and flank landslides are linked by a common process, sill injections below the volcano flanks that act as detachment (Famin and Michon 2010; Chaput et al. 2014a ).
